ABSTRACT Nitrogen-vacancy (NV) color centers in nanodiamonds are highly promising for bioimaging and sensing. However, resolving individual NV centers within nanodiamond particles and the controlled addressing and readout of their spin state has remained a major challenge. Spatially stochastic superresolution techniques cannot provide this capability in principle, whereas coordinate-controlled super-resolution imaging methods, like stimulated emission depletion (STED) microscopy, have been predicted to fail in nanodiamonds.
N itrogen-vacancy (NV) color centers in diamond nanocrystals (nanodiamond, ND) have emerged as promising candidates for various bioimaging applications due to their remarkably stable photoluminescence and owing to the distinct feature of the negatively charged NV À center to enable optically detected magnetic resonance (ODMR) measurements of the NV À electron spin. Its sensitivity to magnetic 1, 2 and electric fields, 3 as well as sensitivity to temperature, 4 makes the NV À a highly versatile sensor for bioapplications. Combining this atom-sized solid-state system with subdiffraction resolution optical microscopy should allow sensing the interior of cells at the nanoscale in a unique, multifunctional way. Given the potential of these particles and their application range, mapping of NV centers within individual ND has become important. Apart from super-resolution imaging, the ability to optically address and read out the spin information of individual NVs is a most desired capability. Among the various far-field optical techniques providing resolution that is not fundamentally limited by diffraction, stimulated emission depletion (STED) microscopy has turned out to be highly suitable for imaging NV centers. In bulk diamond, record resolutions down to 6 nm 5 were achieved, and in conjunction with solid immersion, a resolving power of 2.4 nm 6 was demonstrated, corresponding to 1/323 of the applied wavelength. However, the task to individually resolve NV centers located inside diamond crystals of subwavelength dimensions (i.e., nanodiamonds) by means of STED microscopy has not yet been demonstrated, 7, 8 nourishing speculations about whether it is possible at all. In fact, recent simulations considering Mie scattering of a focused doughnut beam for STED on spherical NDs of various sizes had indicated that with STED microscopy or related techniques relying on a light beam featuring an intensity zero, the achievable resolution should be limited to the diameter of the ND. 9 It was suggested that the intensity around the doughnut null would be homogenized inside a spherical diamond nanoparticle if only the dipolar mode is excited, thus precluding the preparation of NV centers having two different states within a single nanodiamond. Therefore, a stochastic super-resolution scheme has recently been applied, 10 whereby the ground state of the NV center has been depleted by widefield illumination such that the NV centers were transiently shelved in a metastable dark state and the remaining fluorescent centers localized by calculating the centroid of their diffraction pattern in the image. 10 Called GSDIM, 11 this method requires all but a single NV center within about a 250 nm range to be dark, in turn requiring tight control of dark state occupation, i.e., of the 'blinking'. In reality, it is difficult to control blinking such to ensure that at most a single NV center is signaling within a 250 nm spatial range. Since the blinking of the NV centers was uncontrolled in that experiment, 10 In this work we apply STED microscopy to NV centers in nanodiamonds of various shapes and size ranging from 40 to 250 nm and containing 1 to ∼20 NV centers. We show that under these conditions, STED microscopy is capable of resolving single NV centers in nanodiamonds with a superior resolution of approximately 10 nm and discerning individual NV centers within nanodiamonds down to distances of approximately 15 nm. The study is complemented by numerical simulations supporting the experimentally observed validity of the STED principle inside NDs of subwavelength diameter, in contrast to earlier predictions. 9 
RESULTS AND DISCUSSION
STED Microscopy of NV Centers in Diamond. STED fluorescence microscopy provides nanoscale resolution by forcing neighboring emitters to assume the fluorescent state sequentially in time. To this end, this technique typically utilizes a doughnut-shaped STED beam that confines NV emitters to the ground state, thus transiently turning off their signaling capability. Only in a subdiffraction-sized area around the doughnut null, where the STED beam intensity is lower than the threshold of excited state depletion by stimulated emission, the NV centers are not turned off and hence still allowed to emit. This area has a diameter of Δd = D/[1 þ (I/I s )] 1/2 , D, where D = λ/(2NA) denotes the diffraction limit, λ is the wavelength, NA is the numerical aperture of the objective lens, I is the intensity of the doughnut crest, and I s is the characteristic intensity that reduces the population probability of the fluorescent state of the NV center by half. Scanning overlapped excitation and doughnut beams across the sample forces NV centers that are just barely further apart than Δd to emit sequentially. This sequential occupation of their signaling state allows separate detection of highly packed neighboring centers.
To explore the maximally achievable resolution of NV centers in subwavelength sized nanodiamonds, we employed a customized STED microscope optimized for imaging NV centers in diamond (see Figure 1c ). Figure 1a shows the level structure of the negatively charged NV À center formed by a substitutional nitrogen atom (N) in the diamond lattice, an adjacent lattice vacancy (V) and an additional electron charge (see cartoon image of the NV in Figure 1b ). The Hamiltonian of the NV À ground state triplet in the presence of a magnetic field B is given by
where S is the NV electron spin, D is the zero field splitting, E is the strain field, g is the g-factor of the electron, and μ B is the Bohr magneton. In the diamond lattice, an NV center can occupy one out of four possible orientations. 13 Hence, for an NV ensemble in a diamond monocrystal, a homogeneous external magnetic field will lead to the emergence of at most four different ESR line pairs, as all NVs of the same orientation have mutually degenerate Zeeman levels. In NDs, however, the degeneracy of ESR lines of NVs with identical orientation is lifted due to the strongly varying local strain fields E (cf. eq 1), giving almost every NV À a distinct signature in the ESR spectrum. Therefore, ESR spectra provide a valuable complementary method for the determination of the approximate number of NV À centers present in an ND.
Super-resolving Single NVs in Single NDs. Figure 2a displays both a confocal and a STED image of a nanodiamond containing a single NV center, as confirmed by the antibunching dip in the respective g (2) (τ) autocorrelation function measurement (see Figure 2c ). Upon application of STED microscopy, the spatial intensity profile of the NV image is reduced in full width at halfmaximum (FWHM) from (325.8 ( 3.5) to (9.5 ( 1.2) nm. This image inherently represents the effective point spread function (PSF) of the STED imaging system. The reported sharpening of the PSF FWHM to less than 3% of its confocal counterpart signifies a more than 34-fold resolution increase. The lateral dimensions of the nanodiamonds were readily gained by scanning electron microscopy (SEM; see Supporting Information). The SEM image of the corresponding NV host particle is displayed in Figure 2b as an inset. We determined the lateral ND dimension to be approximately 45 and 100 nm. Additionally, the vertical dimension of the ND was measured in a precharacterization step using an Atomic Force Microscope combined to a confocal microscope for simultaneous fluorescence and topography recording (Supporting Information). Figure 2d shows the scaling of the FWHM (extracted from Gaussian or Lorentzian fits to the STED images) as a function of the STED beam power. The data was taken from six NDs of various mean lateral diameters, with each of the ND containing a single NV center (SEM images of the six NDs are to be found in the Supporting Information). In fact, neither the scaling of the STED resolution with the STED beam power nor the maximum resolution obtained with an NV center shows any dependence on the ND shape or size. Moreover, at the maximum STED power applied, we routinely recorded subdiffraction resolution profiles and images of single NV centers with FWHM of 10À20 nm. Again, as can be concluded from the data shown in Figure 2d , these FWHM showed no dependence on the ND size.
Super-resolving Multiple NVs in Single NDs. Even when a nanosized diamond crystal contained several NV centers, we were able to resolve them with ∼10 nm resolution (FWHM). Figure 3 shows a typical set of measurements performed on a particle with a mean dimension of around 100 nm containing five NV centers. The STED image in Figure 3a displays 5 fluorescence spots with a FWHM of around 10 nm (see one-dimensional projection in Figure 3b ). Figure 3c is an SEM image of the same ND, showing that it is a single crystal and not an aggregate.
To illustrate the size relations, Figure 3d displays an overlay of the STED image (from Figure 3a) and the SEM image (from Figure 3c) of the same ND. The colocalization uncertainty of the STED with respect to the SEM images is on the order of the nanodiamond size. In Figure 3 , the absolute colocalization uncertainty is <40 nm. Figure 3e provides an optically detected ESR spectrum of the same ND (detected in confocal imaging mode) featuring five line pairs. In general, we observed a strong correlation between the number of On a different and irregularly shaped ND (lateral side lengths: 100 and 200 nm) containing three NV centers, we demonstrated that we could resolve two individual centers located (16.7 ( 1.6) nm apart from each other (see Figure 4) . In good agreement with our demonstrated resolution of 10À20 nm and considering a statistical distribution of the NVs within a twodimensional projection of the ND volume (of typically 100 to 300 nm 2 ), STED imaging enabled us to identify up to eight isolated NV centers in single ND with a mean dimension <250 nm.
Numerical Simulations. To confirm theoretically that STED microscopy is able to image NV centers in ND and 
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obtain outstanding resolution performance, we carried out extended numerical simulations. We started by studying the propagation of the STED beam in bulk diamond. The experimentally observed maximum resolution of our STED microscope on NV centers in bulk diamond is around 8 nm. According to our numerical simulations in bulk diamond, the corresponding characteristic STED field intensity at a 4 nm displacement from the doughnut zero is I c = 4 Â 10 À4 3 I max , where I max is the STED intensity at the doughnut rim (see Supporting Information). This characteristic intensity can now be employed as a benchmark for the expected STED resolution extracted from analogous simulations of the STED intensity distribution inside nanodiamonds. Figure 5 shows the STED intensity distribution in a spherical nanodiamond with a diameter of 50 nm for three different displacements of the STED beam with respect to the nanodiamond center. These simulations show that if the doughnut shaped light mode is incident on a diamond nanosphere, the doughnut actually propagates into the particle. Due to the system symmetry, the excitation of the dipolar mode is of vanishing nature as long as the doughnut mode is centered on the ND 14,15 (see Figure 5a ), as opposed to what had formerly been suggested. 9 Even if the doughnut beam is displaced with respect to the ND center, the dipolar excitation term represents only a minor correction. Instead, the doughnut beam excites mainly higher order electrostatic modes of the ND leading to an effective propagation of the doughnut beam into the ND irrespective of the particle diameter. The simulations presented in Figure 5b ,c confirm these theoretical considerations. It is observed that the STED doughnut propagates into the nanodiamond, but the quality of the doughnut zero is slightly compromised, due to the nonvanishing excitation of the dipolar mode. Furthermore, we observe a small shift of the doughnut zero position inside the ND with respect to its position if the ND was absent (cf. black and red curves in lower row plots of Figure 5aÀc ). From Figure 5aÀc we can extract the expected STED resolution, if we consider the critical intensity I c from the bulk diamond case mentioned above as a benchmark (dashed blue lines in lower row of Figure 5aÀc ). This way, we find a corresponding STED resolution inside this nanodiamond in the range 10À15 nm. Hence, the application range of STED microscopy and related super-resolution techniques employing doughnut shaped light modes does explicitly include the realm of emitters embedded in subwavelength sized nanoparticles, such as NV centers in nanodiamonds.
As the experimentally investigated nanodiamonds are far from spherical, we performed further simulations for a three-dimensional cylindrical nanodiamond with a circular cross section similar to the ND observed in Figure 3 (ND diameter, Δx = 80 nm; height, Δz = 75 nm; the STED doughnut propagates in negative z direction). Analogous to the simulations for the sphere, Figure 6 displays the STED intensity profiles on different planes intersecting the diamond cylinder for different STED beam displacements x 0 with respect to the ND cylinder axis. These simulations clearly show that the STED beam intensity gradient propagates into this nonspherical particle just as well as in the case of the spherical ND; the critical intensity I c yields a STED resolution in the same 10À15 nm range. Similar to the spherical case, the beam displacement is accompanied ARTICLE by deformation of the intensity gradient and a slight mismatch of the STED intensity minimum inside the particle with respect to the actual extra-particular doughnut beam position, compromising the fidelity of the NV position in the images to a certain extent. These aberrations are, however, neither specific to the STED technique nor are they a peculiarity in imaging of subwavelength sized particles. Rather, similar aberrations are expected for imaging of micrometer-sized diamond nanospheres independent of the imaging method, i.e., they would equally affect confocal, (semi)stochastic photoswitching and STED-like imaging techniques. 16 As the maximum and minimum field intensities of both the excitation and STED beam vary a little over the ND volume, the effective resolution is expected to vary slightly across the particle. This effect will also compromise the effective excitation field intensities in confocal and (semi)stochastic photoswitching imaging techniques in direct analogy. Nevertheless, the quality of the STED images and the resulting resolution proved to be very comparable to the case of NV centers in bulk diamond. 17 
CONCLUSION
We experimentally demonstrated that STED microscopy is capable of imaging single and multiple NV centers inside 40À250 nm sized nanodiamonds. For all sizes encountered, STED microscopy was able to resolve individual NV centers with a FWHM of 10À20 nm. Our experimental observations are supported by numerical simulations using diamond nanoparticles of diverse sizes and shapes. We did not observe fundamental limitations to the validity of the STED principle for imaging emitters in subwavelength sized nanodiamonds, neither in the simulations nor in the experiment. Hence, individual NV centers can be separated within nanodiamonds with a resolution comparable to NV centers in bulk diamond enabling an individual optical addressing and readout of the spin information which cannot be achieved by means of (semi)stochastic super-resolution techniques. This distinct addressing and readout capability should as well be provided by the generalized STED principle called RESOLFT. 18 Although the shape and size of the nanodiamonds affect the NV distribution in the image and the effective resolution depends slightly on the NV position inside the nanodiamond, the potential of STED microscopy to discern individual NV centers in nanodiamonds is comparable to that in bulk diamond. 17 Our conclusion holds for similar objects of investigation, such as fluorophore molecules embedded in a nanoparticle of high refractive index. The far-field optical imaging, targeted addressing and readout of the spin of individual NV centers inside nanodiamonds reported in this study will be highly relevant for their application in quantum sensing and information processing.
MATERIALS AND METHODS
ND Sample Preparation. The sample was prepared according to previously published protocols: 19, 20 High-pressure hightemperature synthetic diamond nanocrystals from L.M. Van Moppes & Sons SA (Geneva, Switzerland) with a nitrogen concentration ≈100 ppm and a size of 0À250 nm (type SYP 0À0.25) were irradiated by a 13.6 MeV electron beam for a short time to create vacancies and annealed in vacuum at 800°C for 2 h to favor NÀV center formation by vacancy migration. This resulted in the creation of 0À20 NV centers per nanodiamond. 20 The unwanted graphitic layers, which form on the ND surface during ARTICLE these first steps, are removed by air oxidation at 550°C for 1 h. The resulting oxidized fluorescent NDs were diluted with deionized water to a concentration of about 1 mg/mL. This aqueous suspension was further diluted to a concentration of 1:200 in deionized water and spin coated onto a 210 μm thick quartz coverslip. For this study, we used a quartz coverslip featuring a customized, labeled matrix etched into the coverslip surface, which allowed the retrieval of the very same ND on the multiple imaging setups needed. The used ND suspension concentration yielded a mean density of about 0.1 ND/μm 2 . STED Microscope Setup for NV Centers. NV centers are excited from the ground state triplet to vibrational sublevels of the first excited triplet state by absorption of a photon from a Gaussian laser beam (λ exc = 532 nm; pulse length, 55 ps; rep. rate, 8 MHz) having an average power of 60 μW. Spatially selective inhibition of the occupation of the first excited triplet state was induced by a doughnut-shaped STED laser beam (λ sted = 775 nm; pulse length, 2 ns; rep. rate, 8 MHz) at a maximal time averaged power of around 1 W. Fluorescence was detected in a time-gated fashion. 21, 22 A time intensity autocorrelation detection unit enabled identification of NDs containing just a single NV center by means of their characteristic photon antibunching signature in the fluorescence intensity I(t) time autocorrelation function g (2) (τ) AEI(0)I(τ)ae/AEI(0)ae.
2,23À25 In the pulsed excitation regime, Poissonnian light yields photon correlation peaks that appear at every multiple of the inverse repetition rate of the laser. The absence of the correlation peak at zero delay (Figure 2c ) is the signature of a single emitter.
The dependence of the NV À fluorescence rate on the spin state of the NV center allows extracting information on the m s quantum number.
26À28 Therefore, the setup featured a loop antenna capable of supplying microwaves, allowing the recording of electron spin resonances (ESR) of the NV ground state triplet on the m s = 0 to m s = (1 transition, through detection of the emitted fluorescence. 26, 29 A permanent magnet positioned near the ND sample generated an external magnetic field to lift the degeneracy of the m s = (1 states by Zeeman splitting 30, 31 (see Figure 3e) . The magnet position and angle were adapted for each ESR measurement in order to separate the numerous ESR lines optimally. The applied magnetic field varied between 0.02 and 0.04 T.
Numerical Simulations. The simulations were computed based on a finite element method, where the electric field is discretized with edge elements. 32 The mesh size was adaptative. When modeling the nanosphere, the smallest element had a length of 1.3 nm and the largest element was 21.3 nm. These values led to solving a linear system with 741 000 unknowns.
